Microvascular reconstruction of composite cranium defects is challenging, and operative planning differs in various anatomic regions of the cranium. The aim of this article is to detail surgical strategies for microvascular reconstruction in different areas of the cranium. Fifty-eight free tissue transfers were performed in 54 patients with composite cranial defects between 1995 and 2009. The cranium was divided into six zones to classify the defects. Data on patient demographics, location and cause of the defects, technical details of surgical management, and complications were analyzed. Defects were secondary to ablative procedures in 45 patients. Eight patients had posttraumatic defects, and one patient had congenital defect. Nine different flap types were used in the series. Choice of recipient vessels and the use of interpositional vein grafts varied according to the site of the cranial defects. Microsurgical reconstruction of cranial defects can be performed safely with predictable outcome by methodic assessment of the problem and by careful attention to the details of the reconstructive plan. In this article, valid conclusions on the planning of microvascular reconstruction in different areas of the cranium have been determined. KEYWORDS: Reconstruction, free flap, cranium, composite defect Composite tissue defects exposing the cranial cavity are challenging reconstructive problems because of the complex anatomy of the region and the potentially fatal complications in case of failure. Reconstruction of these defects should protect the dural space against bacterial invasion, protect the brain from direct mechanical damage, seal off the cerebrospinal fluid leakage, and restore the normal anatomic contours as much as possible. Microsurgical free tissue transfer is required for large and complex cranial defects and is a versatile tool to achieve all these objectives with a great flexibility in flap design. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] However, in the risky setting of complicated cranial reconstructions, operative planning and organization play a crucial role in free flap success. Operative organization begins at preoperative planning and is comprised of the assessment of tissue requirements after defect preparation, choice and dissection of the free flap, decisions on the reliable recipient vessels, and finally, performance of safe microvascular anastomoses.
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14 This multifactorial and multiphased organization should be managed with a minimum loss of time and energy during intracranial operations. Microvascular reconstruction of these defects does not have a unique pattern of operative organization and substantially differs in various anatomic regions of the cranium.
The purpose of this study is to detail surgical strategies on the selection of flap and recipient vessels and on the planning of microvascular reconstruction in different areas of the cranium.
PATIENTS AND METHODS
Patients with composite cranium defects exposing the intracranial contents who had undergone microvascular reconstruction between 1995 and 2009 were reviewed. The cranium was divided into six zones as shown in Fig. 1 , to classify the defects according to their features in microvascular reconstruction. Data on patient demographics, location and cause of the defects, free flaps used in reconstruction, choice of the recipient vessels, and technical details such as the use of interpositional vein grafts, bone grafts or substitutes, and grafts for dural repair were obtained from patient records, operation notes, procedure sketches, radiographic studies, and patient photographs. Flap failure, local or systemic complications, and postoperative mortality within 30 days were recorded.
RESULTS
Fifty-eight free tissue transfers were performed in 54 patients. There were 44 male and 10 female patients ranging in age from 10 weeks to 82 years (mean age, 48.3 years). Cranial defects occurred due to tumor ablation in 45 patients. Extracranial tumors invading the cranium (24 patients had squamous cell carcinoma; 5 patients had basal cell carcinoma; 4 patients had adenoid cystic carcinoma; 3 patients had soft tissue sarcoma, 1 patient had malignant melanoma, and 1 patient had extracranial arteriovenous malformation recurrence) were the most common clinical presentation in the postoncologic reconstruction group. Remaining postoncologic cranial defects occurred following the resection of intracranial tumors (three patients had meningioma, three patients had chordoma, and one patient had glioblastoma multiforme 15 ). Seven of the tumor patients had received radiotherapy prior to surgery. Trauma was the cause of the defects in eight patients (four patients had traffic accident, three patients had missile injury, and one patient had fall-induced injury). Only one patient, a 10-week-old infant, has been operated on due to a congenital cranial defect in the whole series. 16 The distribution of the number of flaps and patients to each cranial zone(s) are shown in Fig. 2 . Most of the defects were confined to a single zone, but some defects were located between two zones.
Flap donor site selection was individualized for each patient depending on the defect size, the amount of the soft tissue bulk and contour need, required pedicle length to reach the recipient vessels, and the patients' position on the operating table. Anatomically constant, large-caliber, and long-pedicle vessels were the other basic criteria for flap selection. Rectus abdominis flaps, either muscle only (4 cases) or myocutaneous (10 cases), were the most common flap choice in anterior and middle cranial base reconstructions (zones I and II). The radial forearm flap was used in 13 cases and primarily applied to midline cranial base (zone IV), forehead (zone V), and orbital (zone I) defects. Large defects of the cranial dome (zone VI and related defects) were reconstructed with latissimus dorsi muscle flap þ skin graft in 13 cases (Fig. 3) .
The criteria for selection of recipient vessels included caliber and flow quality, proximity to the defect site, and ease of access for microanastomoses. Except three arterial (to the external carotid artery) and two venous (to the internal jugular vein) end-to-side vessel anastomoses, all microvascular anastomoses were accomplished in the end-to-end fashion. In seven cases, both interarterial and intervenous grafts were used, and in one case only, an intervenous vein graft was interposed between the flap and the recipient vessels. The majority of the vein grafts were used in the reconstruction of zone VI and related defects. The trunk of the external carotid (14 occasions) and its branches (superior thyroid in six, facial artery in 17, lingual artery in one, and superficial temporal artery in 20 cases) were the recipient arteries. The most preferred recipient vein was the external jugular on 21 occasions followed by the facial (17 occasions) and superficial temporal veins (16 occasions; Fig. 4) .
Bone defects were reconstructed in 19 patients. Autologous bone grafts were the first choice followed by bone substitutes if a well-vascularized wound was present under the flap. In 12 cases, autologous bone grafts (split rib grafts in 7, split calvarial bone in 2, and iliac bone in 2 patients) were used, and in five cases, polymethylmethacrylate, hydroxyapatite bone cement, or polyethylene (Medpor 1 , Porex Surgical, Inc., College Park, GA) implants were used. Reconstructions were performed with vascularized iliac and rib segments in two cases with poorly vascular defects.
Two major infectious complications occurred in the whole series. In one case, bone graft necrosis obligated the removal of the necrotic/infected segment, which had previously been placed on a poorly vascularized dural base (Figs. 5 and 6). The other case was a purulent infection under the flap due to the inappropriately treated frontal sinus, which eventually impaired the flap circulation.
Temporalis muscle fascia or fascia lata grafts were preferred for dural patches. Nine patients (all zone IV and five of the zone I or related defects) had tracheostomies. Lumbar drainage was used in the postoperative period when mandated by cerebrospinal fluid leakage from the defect site. Minor cerebrospinal fluid leakage was seen in five patients and pneumocephalus in one patient, and all resolved spontaneously. One patient died on postoperative day 24 following a cerebrovascular accident. Two flap failures occurred, and both were replaced with secondary free flaps. In the first case, purulent infection under the flap and the pedicle was the cause of flap death. The flap loss in the second case was due to unexplained microcirculatory dysfunction. Despite the patent anastomoses of the flap pedicle, tissue perfusion was gradually impaired and the flap died on the postoperative day 3. Apart from these two cases, the vein anastomosis in one flap was revised successfully.
DISCUSSION
Free tissue transfer is generally the best and sometimes the only option to provide reliable reconstruction for cranial defects. The obvious advantages of free flap reconstruction cannot be denied when everything goes well. However, flap failure in cranial reconstruction carries the risk of significant morbidity and even mortality. The acquisition of the skill of microvascular anastomosis is absolutely critical, but it cannot by itself ensure success in clinical practice. In clinical microvascular reconstruction, the thoroughness of the preoperative plan is the most important determinant of success. Operative planning should take into account the selection of the flap and recipient vessels, the positioning of the patient, the organization of the operative field, and the backup plans for unforeseen intraoperative problems 14 based on the anticipated cranial defect. The Figure 5 Fronto-orbital (zone I to zone V combined) defect following a traffic accident (upper left and right). Radial forearm flap was used for defect coverage after the debridement of necrotic brain tissue, enucleation of the perforated left eye, and dura repair with fascia lata graft. Superficial artery and vein were the recipient vessels (lower left). Eight months after the first operation, frontal bone and upper orbital rim reconstructed with split calvarial bone grafts. However, the miniplate and bone graft were exposed 6 weeks after the second operation, and serratus anterior free muscle flap was planned for the salvage of bone graft reconstruction. Recipient vessels were the facial artery and vein at the mandible border (lower right).
pattern of operative plan varies in different parts of the cranium due to the intraoperative position of the patient and the surgical approach to the cranial problem. The major division in the features of reconstruction is made between the cranial dome and the base. Surgery on the cranial dome, which refers to zone V and zone VI, is less complex despite the underlying bone defect, and in most instances, durable soft tissue coverage is the basic requirement of reconstruction. However, larger defects and reconstructive options are practically limited with free flaps, with a very narrow choice of recipient vessels (Fig. 7) . Almost all latissimus dorsi flaps of this series were indicated in zone VI and related large defects. The lateral decubitus position was generally preferred for this zone, and recipient vessels were the superficial temporal artery and vein. However, superficial temporal vessels may not be suitable for free tissue transfer. Although superficial temporal artery is especially prone to spasm, topical application of papaverine generally relieves the spasm within several minutes. However, more serious problems occur with the superficial temporal vein, which may appear in a very small caliber to be a reliable recipient vessel. In this case, the only practical option is the interpositional vein grafts to reach the neck vessels. Interpositional vein grafts became necessary in eight cases of this series, six of which were for the reconstruction of zone VI and related defects.
Zone V, the frontal region of the cranial dome, has somewhat different characteristics than zone VI. Anatomic contours are better restored with thin fasciocutaneous flaps after bone reconstruction. Long pedicles of radial forearm and anterolateral thigh flaps 17, 18 reach the facial vessels as an alternative to the superficial temporal system. Surgical problems increase in the cranial base [19] [20] [21] [22] despite the smaller size of the defects. Surgical access is difficult and reconstruction is challenging because of the numerous vital anatomic structures and functions. 23 The goal of reconstruction is to provide structural support, to Figure 6 Despite the successful transfer of the free serratus anterior flap (arrow indicates the skin-grafted part of the muscle flap after 2 months), bone infection could not be controlled (upper left) and bone grafts were removed (upper right). Vascularized split iliac bone flap was used for the reconstruction of the upper orbital rim and frontal bone. Recipient vessels were the external carotid artery and retromandibular vein through vein grafts (lower left). Appearance of the orbital rim contour after 6 months before eye socket revision (lower right).
create a watertight dural seal, to eliminate dead space, and to protect the intracranial contents from the contaminated media of the aerodigestive tract. 2 Local flaps are suitable only for small defects, with significant donor site morbidity and a higher complication rate.
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Although the free tissue transfer is the best reconstructive option to place a well-vascularized tissue in the best possible position to seal a moderate or large cranial base defect, 2,24 potentially fatal complications occur in case of failure.
The skull base was divided into regions previously. [25] [26] [27] However, the classic division of skull base regions needed to be modified according to the features of microvascular reconstruction in this study. The skull base is divided into four zones according to the surgical approach, patient position, flap type, and recipient vessels.
Zone I is the anterior cranial fossa including the orbit, excluding the midline extension to the foramen magnum. The midline extension of the previous classifications 27 is separated from zone I as zone IV because of its different surgical approach, flap selection, and inset.
Surgical access to zone I is achieved by transfrontalnasal-orbital approaches, whereas the exposure of zone IV is provided by transmaxillary-palatal route. 28, 29 Bulky muscle or myocutaneous flaps are well suited to fill large cavities of zone I defects, seal the cerebrospinal fluid leakage, and form a good barrier between the cranial fossa and paranasal sinuses (Fig. 8) . Nevertheless, small orbital defects without any dead space of the anterior cranial fossa may be covered with thin fasciocutaneous flaps as well. On the other hand, the defects of zone IV are small or moderate sized, mostly occurring after the resection of nasopharyngeal or clival lesions, and surgical exposure is relatively limited. Thin fasciocutaneous flaps were solely preferred in this zone instead of muscle flaps in order not to obliterate the pharyngeal space. Moreover, muscle flap monitoring is very difficult at this location (Fig. 9) . Frequently used recipient vessels were the facial artery and facial vein for both regions with some differences. For zone I and related reconstructions, the facial artery and vein were generally prepared subcutaneously at the mandibular border, in an easily accessible superficial location. However, the free flap pedicle in zone IV defect Figure 8 Resection of a recurrent basal cell carcinoma invading the left orbit and ethmoid sinuses through an intra-and extracranial access (left and middle). Rectus abdominis myocutaneous free flap was used for reconstruction (zone I). Recipient vessels were the facial artery and vein at the mandibular border. Postoperative 1 year (right). Figure 7 Squamous cell carcinoma on a burn scar invading the skull and dura (left) was resected along with the calvarial bone segment and dura (middle). After duraplasty with fascia lata graft and calvarium reconstruction with split rib bone grafts, the zone VI defect was covered with latissimus dorsi muscle flap and split-thickness skin graft. The recipient vessels were the superficial artery and vein. Postoperative 6 years (right).
reconstructions was routed through deep tissue planes, and recipient vessels were prepared near their origin at the major vessels of the neck in a more difficult position for anastomoses.
Anterior and central segments of the middle cranial fossa in previous classifications are merged as zone II in the current modification, because the basic features of microvascular reconstruction including the patient positioning and flap and recipient vessel selections are similar. Tumors of this region may extend down into the neck; to facilitate identification of structures entering the skull base, a radical neck dissection is performed. 30 Although the neck dissection provides improved access to the base of the skull and gives a Figure 9 After the resection of a clival chordoma through a mandibular swing and palatal split access, titanium mesh was implanted for cervical stabilization (left). Defect (zone IV) over the implant at the posterior pharyngeal wall was covered with a radial forearm flap (arrow). The recipient vessels were the facial artery and vein near their origin at the neck. Postoperative 5 months (right). Figure 10 Zone II defect following wide excision of a squamous cell carcinoma along with partial petrosectomy and left radical neck dissection (left). Reconstruction with a free rectus abdominis myocutaneous free flap. Superior thyroid was the recipient artery, whereas one of the veins was anastomosed to superior thyroid vein (reverse flow) and the other vein to anterior jugular through a vein graft. Postoperative 1 year (right).
better exposure for the commonly used recipient arteries, the majority of the potential recipient veins are resected. Thus, a venous channel at the neck has to be preserved to provide the flap drainage. In five patients whose tumors were confined into zone II or transgressed the neighboring regions, radical or modified radical (type III) neck dissections were performed. The external jugular vein was dissected free as the recipient vein beforehand in three of the radical neck dissections without a significant oncologic cost. 31 In one patient, an intervenous vein graft was used for the drainage of the second vein of the flap pedicle (Fig. 10) . The rectus abdominis myocutaneous flap is the natural choice for the reconstruction of zone II defects. 32 The muscle portion of the rectus flap fills the defect cavity and offers a large skin island for surface coverage. The rectus abdominis flap can be harvested simultaneously with tumor resection, and the donor site can be closed simultaneously with the flap inset and microvascular anastomoses.
Composite defects of zone III rarely occur. The pedicled trapezius muscle is the workhorse flap of this region, which reduces the necessity of microvascular reconstruction for most cases. In our series, free flap reconstruction of a defect confined to zone III became necessary in a single patient who had a very large defect beyond the limits of a pedicled trapezius myocutaneous flap apart from two defects located between the neighboring zones II and VI. Some certain difficulties are apparent in this area. Appropriate positioning is crucial in exposing the posterior cranium. The head is secured within a head holder and the body is placed in a threequarter prone or modified park-bench position. 33, 34 Although the rotation of the head can be adjusted before the procedure, neck position is difficult for the dissection of recipient vessels. Occipital vessels are difficult to dissect and are of small caliber. Superficial temporal vessels and the potential recipient vessels of the neck are considerably distant, and vein grafts should be taken into consideration in preoperative planning. Mastoid insertion of the sternocleidomastoid muscle might be divided to reach the neck vessels in a shortcut route. Latissimus dorsi and scapular flaps are the most easily accessible donor sites along with the lateral thigh flap due to the position of the patient (Fig. 11) .
A basic determinant of a successful cranial reconstruction is to choose the appropriate donor tissue for the requirements of the defect. Reconstructive needs are generally predicted by surgical experience and close interaction of surgical teams in the majority of cases. Thus, it is possible to decide on the donor site that provides the most suitable tissue for the defect at the preoperative planning. Some of the flap donor sites that require intraoperative time delay because of the need for patient repositioning are eliminated as well as the ones with limited tissue availability, significant donor site morbidity, or anatomic variability. Choosing flaps with large-diameter pedicle vessels, consistent anatomy, and long pedicle length is the most reliable way to avoid microvascular complications. Moreover, selection of anatomically constant donor sites avoids any additional difficulties in the flap dissection phase of these long and potentially risky operations. Although a limited number of free flaps seem to provide the necessary tissue for the reconstruction of cranial defects, 13, 35 mastery on a larger spectrum of flaps is inevitably needed for some critical cases and in backup conditions, such as split iliac bone Figure 11 Wide excision of a recurrent sarcoma invading the cranium at zone III (left and middle). Reconstruction of the defect with latissimus dorsi muscle flap and skin graft after split rib grafts. Recipient vessels were the external carotid artery and external jugular vein. Postoperative 1 year (right). flaps or fasciocutaneous flaps, which provide less donor site morbidity than the radial forearm flap.
Pedicle length of the flap is important to reach the recipient vessels for simple anastomosis. The use of interpositional vein grafts was condemned previously in head and neck reconstruction. 36 However, the experimental findings, 37, 38 the clinical reports, [39] [40] [41] and the findings of this current study did not support this pessimism. Preplanned vein graft interposition in a free flap transfer does not alter the operative course significantly. However, the decision of a vein graft during the operation as a last resort may complicate the matters and affect the outcome. Although a vein graft is not a risk factor by itself, it is certainly less forgiving when the technical and environmental risk factors are underestimated. 41, 42 Therefore, it would be wise to prefer a single pair of microvascular anastomoses instead of a vein graft interposition, to simplify the matters.
Proper selection and preparation of recipient vessels has the utmost importance for the success of a microvascular tissue transfer. 6 The recipient vessels should be of large caliber, facilitating microvascular anastomoses. The degree of microsurgical precision and success rate increase with vessel size, whereas the risk of flap failure increases with the decrease in vessel diameter.
14 Vessel disease due to prior radiotherapy was not a significant problem in cranial reconstruction. The adverse affects of radiotherapy were limited to the site of radiation, and the radiated area was generally remote from the recipient vessels. 43 Also, the atherosclerotic vascular disease did not pose a major problem in head and neck recipient vessels in contrast to the lower extremity. Nevertheless, recipient vessels should be dissected diligently and taken under protection in the initial part of the surgery by the surgeon who would perform the microvascular anastomoses. This is possible with the cooperation of surgical staff during the ablative procedure. In this manner, the reconstructive plan can also be modified more easily, if necessary.
The debate on the type of microvascular anastomosis is mostly carried on an academic basis. End-toend anastomosis to the branches or the body of the external carotid artery and external jugular vein provides easy, safe, and reliable vascular flow for the flap, without jeopardizing the circulation of any particular anatomic site. Therefore, contrary to some reports, 44 there is no significant reason to prefer end-to-side anastomosis to end-to-end technique when both are possible.
In conclusion, patient positioning and surgical approach are essential in cranial operations, and the reconstructive plan should be constructed accordingly. Choice of the free flap donor site and recipient vessels, and possible backup maneuvers, must be determined preoperatively. Thus the reconstruction can be performed with predictable outcome by methodic assessment of the problem and by careful attention to the details of the reconstructive plan.
